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(54) PERMANENT MAGNET ELECTRICAL MACHINE

(57) A permanent magnet electrical machine has a
rotor supporting a circumferential row of permanent mag-
nets. The electrical machine further has a stator coaxial
with the rotor and having a circumferential row of stator
teeth carrying respective coils. The teeth provide paths
for magnetic flux produced by the magnets, thereby elec-
tromagnetically linking the magnets and the coils when
the rotor rotates relative to the stator. The teeth have
respective core portions on which the coils are mounted,
and respective tip portions located between the core por-
tions and the rotor, neighbouring tip portions being cir-
cumferentially spaced from each other by respective

gaps. Each pair of neighbouring tip portions has a bridge
member and a thermal switching mechanism carried by
a first tip portion of the pair. The bridge member and the
thermal switching mechanism are configured such that,
when the temperature of the first tip portion exceeds a
threshold temperature, the thermal switching mechanism
moves the bridge member from a retracted position in
which it is retracted to the first tip portion to a deployed
position in which it bridges the gap between the first tip
portion and the second tip portion of the pair, thereby
forming a shortcut bypassing the respective coil for mag-
netic flux linking the pair of neighbouring tip portions.
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Description

Field of the Present Disclosure

[0001] The present disclosure relates to a permanent
magnet electrical machine.

Background

[0002] Permanent magnet (PM) electrical machines
can provide very high power and torque densities and
are thus attractive options for a number of aerospace
power generation and motor (e.g. pumping and actua-
tion) applications. However, especially in generation ap-
plications, the permanency of the excitation provided by
the permanent magnets can be a drawback. In particular,
in some circumstances it may be necessary to turn off
the excitation, notably under conditions in which the ma-
chine has a hazardous fault (e.g. a turn-to-turn electrical
short-circuit within a coil). One option would be to turn
off the power source driving the generator, but evidently
this may not be realistic when that power source is a main
engine.
[0003] Thus to address the problem other solutions
have been proposed, including adoption of so-called
fault-tolerant machine design, in which the machine is
designed to be able to operate safely with a sub-set of
possible fault scenarios. However, as such designs may
not be capable of accommodating faults outside the sub-
set, they offer at best only a partial solution. Further so-
lutions include incorporation of a mechanical disconnect
mechanism in the drive-train to the generator. This re-
moves the mechanical input to the generator, but typically
adds cost, weight and complexity.

Summary

[0004] The electrical machine of the present disclosure
addresses the problem in a different manner, namely by
diverting magnetic flux away from stator core regions that
link with stator coils in the event of a detected fault, and
thereby removing the induced voltage in the stator coils
which are the source of damaging short-circuit currents.
[0005] Accordingly, in a first aspect, the present dis-
closure provides a permanent magnet electrical machine
having:

a rotor supporting a circumferential row of permanent
magnets;
a stator coaxial with the rotor and having a circum-
ferential row of stator teeth carrying respective coils,
the teeth providing paths for magnetic flux produced
by the magnets, thereby electromagnetically linking
the magnets and the coils when the rotor rotates rel-
ative to the stator;
wherein the teeth have respective core portions on
which the coils are mounted, and respective tip por-
tions located between the core portions and the rotor,

neighbouring tip portions being circumferentially
spaced from each other by respective gaps; and
wherein each pair of neighbouring tip portions has a
bridge member and a thermal switching mechanism
carried by a first tip portion of the pair, the bridge
member and the thermal switching mechanism be-
ing configured such that, when the temperature of
the first tip portion exceeds a threshold temperature,
the thermal switching mechanism moves the bridge
member from a retracted position in which it is re-
tracted to the first tip portion to a deployed position
in which it bridges the gap between the first tip portion
and the second tip portion of the pair, thereby forming
a shortcut bypassing the respective coil for magnetic
flux linking the pair of neighbouring tip portions.

[0006] The bridge member and the thermal switching
mechanism can have a minimal impact on electromag-
netic performance, and do not necessarily increase the
overall volume or mass of the electrical machine. More-
over, by acting in response to abnormal temperature in-
creases, they can be automatic and fast acting with al-
most immediate elimination of fault currents, and no me-
chanical interaction with the spinning rotor is required. In
addition, they allow the machine to isolate any faulty coils,
while continuing partial operations with its remaining un-
faulty coils.
[0007] The electrical machine may operate as a gen-
erator and/or as a motor. In a second aspect, the present
disclosure provides a gas turbine engine having an elec-
trical machine according to the first aspect. For example,
the machine may operate as a generator powered by the
gas turbine engine (e.g. by taking off power from a shaft
of the engine), or as a motor powering an engine system
(e.g. a fuel pump of the engine fuel system, an oil pump
of the engine oil system, an actuator adjusting variable
geometry components of the engine, or a fan in the case
of hybrid or electric propulsion systems).
[0008] Further optional features of the present disclo-
sure will now be set out. These are applicable singly or
in any combination with any aspect of the present disclo-
sure.
[0009] At least 80% of the magnetic flux linking the pair
of neighbouring tip portions may use the shortcut to by-
pass the respective coil when the bridge member is in its
deployed position. Preferably, at least 90% or 95% of the
magnetic flux linking the pair of neighbouring tip portions
may use the shortcut.
[0010] Each pair of neighbouring tip portions may fur-
ther have a detent mechanism which arrests the bridge
member in the deployed position. Thus even in the event
of a failure of the thermal switching mechanism, the
bridge member can be safely maintained in the deployed
position. The detent mechanism can also help to reduce
or eliminate vibration of the bridge member.
[0011] The thermal switching mechanism may conven-
iently include a bimetallic switch or a shape memory alloy
switch.
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[0012] The thermal switching mechanism may include
a pre-loaded spring which is released by a switch part of
the thermal switching mechanism (e.g. the aforemen-
tioned bimetallic switch or shape memory alloy switch)
to urge the bridge member to the deployed position. Such
an arrangement can also accommodate an override de-
vice which can release the pre-loaded spring independ-
ently of the state of the switch part. For example, the
override device may be controlled by a pick-up coil ar-
ranged to detect short circuit conditions in the coil e.g.
by means of harmonic components in the coil current,
whereby when the pick-up coil detects short circuit con-
ditions, the override device releases the pre-loaded
spring.
[0013] Conveniently, the bridge member may be
housed in a first recess in the first tip portion in the re-
tracted position.
[0014] Conveniently the bridge member may be re-
ceived into a second recess in the second tip portion in
the deployed position.
[0015] Each tip portion may carry a respective bridge
member and a respective thermal switching mechanism.
[0016] The skilled person will appreciate that except
where mutually exclusive, a feature described in relation
to any one of the above aspects may be applied mutatis
mutandis to any other aspect. Furthermore except where
mutually exclusive any feature described herein may be
either or both of applied to any aspect and combined with
any other feature described herein.

Brief Description of the Drawings

[0017] Embodiments of the present disclosure will now
be described by way of example with reference to the
accompanying drawings in which:

Figure 1 shows a longitudinal cross-section through
a ducted fan gas turbine engine;

Figure 2 shows schematically at bottom left a trans-
verse cross-section through a permanent magnet
electrical machine, and at top right a detailed view
of two neighbouring stator teeth of the machine;

Figure 3 shows schematically the two neighbouring
stator teeth under normal operating conditions; and

Figure 4 shows the two neighbouring stator teeth
under a fault condition in which a magnetic flux short-
cut is produced.

Detailed Description and Further Optional Features

[0018] With reference to Figure 1, a ducted fan gas
turbine engine is generally indicated at 10 and has a prin-
cipal and rotational axis X-X. The engine comprises, in
axial flow series, an air intake 11, a propulsive fan 12, an
intermediate pressure compressor 13, a high-pressure

compressor 14, combustion equipment 15, a high-pres-
sure turbine 16, an intermediate pressure turbine 17, a
low-pressure turbine 18 and a core engine exhaust noz-
zle 19. A nacelle 21 generally surrounds the engine 10
and defines the intake 11, a bypass duct 22 and a bypass
exhaust nozzle 23.
[0019] During operation, air entering the intake 11 is
accelerated by the fan 12 to produce two air flows: a first
air flow A into the intermediate-pressure compressor 13
and a second airflow B which passes through the bypass
duct 22 to provide propulsive thrust. The intermediate-
pressure compressor 13 compresses the air flow A di-
rected into it before delivering that air to the high-pressure
compressor 14 where further compression takes place.
[0020] The compressed air exhausted from the high-
pressure compressor 14 is directed into the combustion
equipment 15 where it is mixed with fuel and the mixture
combusted. The resultant hot combustion products then
expand through, and thereby drive the high, intermediate
and low-pressure turbines 16, 17, 18 before being ex-
hausted through the nozzle 19 to provide additional pro-
pulsive thrust. The high, intermediate and low-pressure
turbines respectively drive the high and intermediate-
pressure compressors 14, 13 and the fan 12 by suitable
interconnecting shafts.
[0021] Other gas turbine engines to which the present
disclosure may be applied may have alternative config-
urations. By way of example such engines may have an
alternative number of interconnecting shafts (e.g. two)
and/or an alternative number of compressors and/or tur-
bines. Further the engine may comprise a gearbox pro-
vided in the drive train from a turbine to a compressor
and/or fan.
[0022] The gas turbine engine has one or more per-
manent magnet electrical machines. For example, the
electrical machine may operate as a generator powered
by one of the above-mentioned interconnecting shafts,
or as a motor powering e.g. a pump of the engine’s fuel
or oil system, an actuator(s) which adjust variable vanes
of the engine, or the engine fan in hybrid or electric pro-
pulsion systems. The permanent magnet electrical ma-
chines may be embedded in the gas turbine engine, e.
g. as disclosed in EP A 3035504, hereby incorporated
by reference).
[0023] An example of the permanent magnet electrical
machine is shown schematically in transverse cross-sec-
tion at bottom left in Figure 2. The machine has an inner
rotor 30 supporting a circumferential row of permanent
magnets 32 (four as shown in Figure 2). It also has a
coaxial outer stator (or "back iron") 34 which provides a
circumferential row of stator teeth 36 (twenty four as
shown in Figure 2) around which are wound coils 38. The
teeth providing paths for magnetic flux produced by the
magnets, thereby electromagnetically linking the mag-
nets and the coils when the rotor rotates relative to the
stator. The electrical machine shown in Figure 2 is a sur-
face permanent magnet machine, but the present disclo-
sure applies equally to an interior permanent magnet ma-
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chine.
[0024] As shown in more detail at top right in Figure 2,
each stator tooth 36 is formed from a core portion 36a,
and a tip portion 36b radially inwards from the core por-
tion. The coils 38 are wound around core portions such
that substantially all of the space in the slot between
neighbouring core portions is occupied by the windings
of the coils. The tip portion of each tooth extends circum-
ferentially partly across the slots to both sides of the tooth
in a "T" shape, but leaves gaps which space neighbouring
tip portion circumferentially from each other. The gaps
are large enough to prevent leakage flux across the gaps
in normal operation.
[0025] A first one of each pair of neighbouring tip por-
tions 36b has a bridge member 40. This has a retracted
position (shown in Figure 2) in which the bridge member
is housed in a recess formed in the first tip portion, and
a deployed position in which the bridge member projects
from the recess to be received in an opposing recess
formed in the second one of the pair of neighbouring tip
portions, thereby bridging the two tip portions.
[0026] The movement of the bridge member 40 from
the retracted to the deployed position is controlled by a
thermal switching mechanism. This mechanism typically
includes a bimetallic or shape memory alloy switch 42
and a compression spring 44. The spring is pre-loaded
to urge the bridge member from the retracted to the de-
ployed position, but under normal operating conditions
is prevented from acting on the bridge member by the
switch.
[0027] However, if a fault occurs in a coil 38, such as
a turn-to-turn or coil-to-coil short circuit due to insulation
breakdown, a large circulating current appears in the
shorted part due to the continual feeding of magnetic flux
into the stator 34 from the rotor magnets 32. As a result,
the local temperature of the stator increases. When the
temperature exceeds a threshold, the switch 42 automat-
ically activates, releasing the spring 44, which in turn rap-
idly urges the bridge member to the deployed position.
[0028] Figure 3 shows again a detailed transverse
cross-section similar to that shown at top right of Figure
2, but with N and S poles of the rotor magnet 32 respec-
tively aligned with the neighbouring stator teeth 36 and
with arrows indicating the predominant path for magnetic
flux through the stator 34. In Figure 3, the bridge member
40 is in the retracted position.
[0029] By contrast, Figure 4 shows again the same
cross-section as Figure 3, but now with the bridge mem-
ber 40 in the deployed position in which it forms a shortcut
bypassing the respective coil 38 for magnetic flux linking
the neighbouring tip portions 36b. At least 80%, and pref-
erably at least 90% or 95%, of the flux that would other-
wise pass through the coil can be diverted in this way.
[0030] Thus the bridging of the gap between neigh-
bouring tip portions 36b with the magnetic flux conducting
bridge member 40 results in a magnetic short circuit of
the rotor magnet 32 in just that particular locality, i.e. sub-
stantially reducing the induced voltage in the coil wind-

ings located in the inter-teeth slot which opens to the gap.
[0031] If the winding fault involves coils/windings in a
number of slots, the respective thermal switching mech-
anisms and bridge members 40 can magnetically short
circuit just those affected slots, thereby isolating the af-
fected zones while allowing healthy coils to continue to
generate electrical power. For example if 10% of a phase
is affected due to a fault condition the proposed approach
would isolate only the affected slots and the remaining
90% of the coils 38 located in other slots would continue
to generate voltage. In this way, the machine would able
to operate with reduced voltage generation capability
rather than having to shut down completely.
[0032] Optionally, as shown in Figure 2, the receiving
recess for the deployed bridge member 40 can include
a detent mechanism 46 that prevents return of the bridge
member to the retracted position e.g. in the event of a
failure of the spring 44 . The detent mechanism can also
help to prevent vibration of the bridge member.
[0033] The thermal switching mechanism can accom-
modate an override device which can release the pre-
loaded spring 44 independently of the state of the switch
42. For example, such an override device may be con-
trolled by a pick-up coil arranged to detect short circuit
conditions in the coil 38 by means of harmonic compo-
nents in the coil current, whereby when the pick-up coil
detects short circuit conditions, the override device re-
leases the spring.
[0034] While the invention has been described in con-
junction with the exemplary embodiments described
above, many equivalent modifications and variations will
be apparent to those skilled in the art when given this
disclosure. Accordingly, the exemplary embodiments of
the invention set forth above are considered to be illus-
trative and not limiting. Various changes to the described
embodiments may be made without departing from the
spirit and scope of the invention.

Claims

1. A permanent magnet electrical machine having:

a rotor (30) supporting a circumferential row of
permanent magnets (32);
a stator (34) coaxial with the rotor and having a
circumferential row of stator teeth (36) carrying
respective coils, the teeth providing paths for
magnetic flux produced by the magnets, thereby
electromagnetically linking the magnets and the
coils when the rotor rotates relative to the stator;
wherein the teeth have respective core portions
(36a) on which the coils are mounted, and re-
spective tip portions (36b) located between the
core portions and the rotor, neighbouring tip por-
tions being circumferentially spaced from each
other by respective gaps; and
wherein each pair of neighbouring tip portions
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has a bridge member (40) and a thermal switch-
ing mechanism carried by a first tip portion of
the pair, the bridge member and the thermal
switching mechanism being configured such
that, when the temperature of the first tip portion
exceeds a threshold temperature, the thermal
switching mechanism moves the bridge mem-
ber from a retracted position in which it is retract-
ed to the first tip portion to a deployed position
in which it bridges the gap between the first tip
portion and the second tip portion of the pair,
thereby forming a shortcut bypassing the re-
spective coil for magnetic flux linking the pair of
neighbouring tip portions.

2. The electrical machine as claimed in claim 1, wherein
at least 80% of the magnetic flux linking the pair of
neighbouring tip portions uses the shortcut to bypass
the respective coil when the bridge member is in its
deployed position.

3. The electrical machine as claimed in claim 1 or 2,
wherein each pair of neighbouring tip portions further
has a detent mechanism (46) which arrests the
bridge member in the deployed position.

4. The electrical machine as claimed in any one of the
previous claims, wherein the thermal switching
mechanism includes a bimetallic switch or a shape
memory alloy switch (42).

5. The electrical machine as claimed in any one of the
previous claims, wherein the thermal switching
mechanism includes a pre-loaded spring (44) which
is released by a switch part of the thermal switching
mechanism to urge the bridge member to the de-
ployed position.

6. The electrical machine as claimed in claim 5, wherein
each pair of neighbouring tip portions further has an
override device which is operable to release the pre-
loaded spring independently of the state of the switch
part.

7. The electrical machine as claimed in claim 6, wherein
each pair of neighbouring tip portions further has a
pick-up coil arranged to detect short circuit condi-
tions in the respective coil, and to control the override
device to release the pre-loaded spring when such
short circuit conditions are detected.

8. The electrical machine as claimed in any one of the
previous claims, wherein the bridge member is
housed in a first recess in the first tip portion in the
retracted position.

9. The electrical machine as claimed in any one of the
previous claims, wherein the bridge member is re-

ceived into a second recess in the second tip portion
in the deployed position.

10. The electrical machine as claimed in any one of the
previous claims, wherein each tip portion carries a
respective bridge member and a respective thermal
switching mechanism.

11. A gas turbine engine (10) comprising an electrical
machine as claimed in any one of the previous
claims.
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